ABSTRACT Diapause in the boll weevil, Anthonomus grandis Boheman (Coleoptera: Curculionidae), remains a contentious issue despite intense investigation. In particular, the roles and interactions of photoperiod, temperature, and adult diet are poorly understood. We reexamined the inßuences of these factors by using a feeding regime typical of previous studies (group, one square per Þve weevils per day) as well as one known to promote reproductive development (single, one square per weevil per day). Three separate studies each incorporated all combinations of the following: photoperiod (short day, 11:13; long day 13:11 [L:D] h), temperature regime (constant 29.4ЊC; warm day, cool night, 29.4ЊC:10ЊC [day:night]), feeding regime, and age at dissection (3, 6, 9, and 12 d after adult eclosion). Studies differed in the source of weevils (Lower Rio Grande Valley, Brazos Valley of Texas), and the photoperiod used to rear weevils to adulthood (11:13 or 13:11 [L:D] h). Interpretable effects of photoperiod on diapause induction were not observed. Cool nights delayed development of fat bodies, oocytes with yolk, and the occurrence of diapause, especially in weevils fed in groups. However, these effects were not apparent by day 12. The most marked responses were to feeding regime. Hypertrophied fat bodies and diapause generally occurred more often, and oocytes with yolk less often, for weevils fed in groups compared with those fed singly. Fundamental differences in diapause response corresponding to rearing conditions or source of weevils were not observed. These results suggest improved understanding of the dynamics of adult diapause could be achieved through continued investigation of the effects of adult diets.
The nature of the adult dormancy exhibited by the boll weevil, Anthonomus grandis Boheman (Coleoptera: Curculionidae), has been a matter of contention since the phenomenon was Þrst characterized as a diapause by Brazzel and Newsom (1959) . The factors controlling diapause induction in the weevil have been intensely investigated. However, the published literature is replete with contradictions and inconsistencies Villavaso 1999a, Spurgeon et al. 2003) . Most recently, Wagner and Villavaso (1999a,b) and Wagner et al. (1999) attempted to reÞne our understanding of the cues responsible for diapause induction in the boll weevil. These authors modeled the occurrence of prediapause in response to dynamic photoperiods and temperature regimes. However, their models were constructed under the presumption that decreasing photoperiods are the primary diapause-inducing factor and that weevils across the Cotton Belt respond similarly to those cues. Still, their results have provided little additional insight into the Þndings of previous studies. Neither have they provided plausible explanations for observed diapause responses to a multitude of environmental factors other than decreasing photoperiod and temperature proÞles. Spurgeon and Raulston (1998a) suggested some of the inconsistencies among results of previous diapause studies may have stemmed from the different diets or feeding regimes employed. Many reports provide incomplete or ambiguous descriptions of the adult diet (Cobb and Bass 1968; Mangum et al. 1968; Wagner and Villavaso 1999a,b) . Other reports provide more adequate descriptions of the diet (Earle and Newsom 1964 , Tingle and Lloyd 1969 , but no study has incorporated a diet known to produce a high proportion of reproductive weevils, such as that used by Spurgeon and Raulston (1998a) . Also, Spurgeon and Raulston (1998a) suggested that the marked temperature dependence of boll weevil reproductive development could alone produce serious experimental errors when diapause was assessed at a Þxed chronological, rather than physiological, age. Despite the disagreement regarding the weevil life stage(s) responsive to environmental cues, or the inßuences of Mention of trade names or commercial products in this article is solely for the purpose of providing speciÞc information and does not imply recommendation or endorsement by the U.S. Department of Agriculture.
adult or larval diets, most authors agree that short daylengths and low nighttime temperatures are important determinants of diapause in the boll weevil. Our objective was to reexamine the effects of photoperiod and temperature on diapause induction, by using a diet typical of previous studies along with one known to promote reproductive development, and accounting for the temperature dependence of the development of morphological characters through the use of serial dissections.
Materials and Methods
Between 1997 and 1999, we conducted three separate experiments to examine the inßuences of photoperiod and temperature on diapause induction in the boll weevil. These experiments differed primarily in the conditions under which experimental weevils were reared, the source of weevils (the subtropical Lower Rio Grande Valley or the southern temperate Brazos Valley of Texas), and the criteria for distinguishing reproductive and diapausing weevils.
Experiment 1: Subtropical Weevils Reared under Long-Day Conditions. Experimental weevils were obtained from infested squares (ßower buds) collected from the Kika De La Garza Subtropical Agricultural Research Center, Weslaco, TX, or from commercial cotton, Gossypium hirsutum L., in Hidalgo Co., TX. Only squares still attached to the plants were collected. Previous experience with this method indicated that most squares contained eggs through second instars at the time of collection (unpublished data). Collected squares were placed in screened cages and held in an environmental chamber at 29.4 Ϯ 1ЊC with a photoperiod of 13:11 (L:D) h. Beginning 5 or 6 d after collection and daily thereafter, squares were opened and pupae were transferred to 100-by 15-mm petri plates, each containing a thin layer of moistened vermiculite. Plates of pupae were returned to the chamber containing the infested squares and were inspected at least once daily for newly eclosed adults. On the day of eclosion, adults were sexed using the method described by Sappington and Spurgeon (2000) and assigned to experimental treatments.
Experimental treatments included all combinations of two photoperiods (long day, 13:11; short day, 11:13 [L:D] h), two temperature regimes (constant 29.4ЊC; warm day and cool night, 29.4Њ during the photophase and 10ЊC during the scotophase), and two feeding regimes (group, one square with bracteoles removed per Þve weevils per day; single, one square with intact bracteoles per weevil per day). Experimental photoperiods were selected based on reports of a critical photoperiod between 12 and 13 h Newsom 1964, Mangum et al. 1968) . Also, numerous investigators have reported using a 13-h photoperiod to obtain a high level of reproduction (Earle and Newsom 1964 , Nettles and Betz 1965 , Taub-Montemayor et al. 1997 or an 11-h photoperiod to induce diapause (Harris et al. 1967 , Jenkins et al. 1972 , Villavaso 1981 . Inclusion of the 10ЊC nighttime temperature was based on the Þndings of Lloyd et al. (1967) that diapause was induced by exposure of adults to such temperatures, and the observation of Cobb and Bass (1968) that the incidence of diapause was greatest when short-day and cool-night conditions were combined. The group feeding regime was typical of previous diapause studies (Harris et al. 1969 , McCoy et al. 1968 , Tingle and Lloyd 1969 , whereas the single feeding regime is one known to promote a high proportion of reproductive development (Spurgeon and Raulston 1998a) . Squares fed were 6 Ð10 mm in diameter (mostly 7Ð9 mm) at the widest part of the bud. Squares infested by aphids, whiteßies, or thrips, or exhibiting pale, discolored, or damaged bracteoles were avoided. Insecticide-free feeding squares were primarily collected from untreated plots located at the Kika De La Garza Subtropical Agricultural Research Center, Weslaco, TX, but they also were supplemented by greenhouse-grown squares. Feeding squares were rinsed in distilled water, drained, and refrigerated in sealable plastic bags for 1Ð3 d (mostly 1Ð2 d) before use. At the time of feeding, squares that were discolored or with wilted bracteoles were discarded. Weevils assigned to the group feeding regime were held in mixed sex groups of 25 (12 males, 13 females) within 473-ml cardboard cartons. Each carton was Þtted with a screened lid and provisioned with a moisture supply consisting of a 29.5-ml plastic cup of distilled water closed by a lid that was penetrated by a section of dental wick. When mortality occurred, the numbers of squares fed were adjusted to maintain as closely as possible the desired feeding rate. Weevils assigned to the single feeding regime were held individually in 100 by 15-mm petri plates. Moisture was provided by a short (Ϸ1 cm) section of dental wick saturated with distilled water.
Because the number of weevils eclosing on a single day was always considerably fewer than that required for a complete replication of the experiment, weevils were assigned to treatments as they became available. However, groups of weevils held in cartons were always from a single day of eclosion. Two replications of the experiment were conducted in both 1997 and 1998. In 1997, weevils in the two replications eclosed between 2 and 5 July and 16 and 20 July, respectively. In 1998, weevils of respective replications eclosed between 22 June and 3 July and between 6 and 19 July.
Weevils were dissected to determine physiological status at 3, 6, 9, and 12 d after adult eclosion, except for the second replication in 1997. In that replication, availability of weevils was too limited to permit four ages of dissection, so weevils were dissected at 6, 9, and 12 d after eclosion. On each date of dissection, 10 weevils of each sex were randomly selected from each carton assigned to the group feeding regime, except when mortality reduced the number of available weevils. The sample size was Ͻ10 Þve times for females and eight times for males. However, sample size was Ն8 for all but one group of females (n ϭ 6) and one group of males (n ϭ 7). Ten weevils of each sex were similarly selected for each combination of photoperiod and temperature assigned to the single feeding regime. Sample sizes for weevils fed singly were re-duced to eight once for each sex, and in one sample 11 females were dissected.
Because of the uncertainty surrounding the best criteria for determining weevil physiological status at the time these data were collected, several morphological characters were recorded. Based on a preliminary report of the Þrst two replications of these data (Spurgeon and Raulston 1998b) , several of these criteria, most notably testis size and seminal vesicle condition, were deemed inaccurate indicators of physiological status. Therefore, physiological classiÞcations (reproductive, diapausing) were based on fat body condition (lean, intermediate, or fat) as described by Brazzel and Newsom (1959) , and on testis or ovary condition as described by Spurgeon et al. (2003) . Brießy, fat bodies were considered hypertrophied if they rated intermediate or fat, excluding juvenile fat that persists for a short time after adult eclosion (Spurgeon and Raulston 1998a). This criterion differed from that proposed by Spurgeon et al. (2003) in that it did not distinguish between adult fat body types. Reproductive organs were classiÞed according to the suggestions of Spurgeon et al. (2003) . Testes were considered reproductive if they were mostly translucent and, with either whitish streaks radiating from the center of each lobe, or if the lobes had opaque centers. Testes were rated as atrophied if they were yellowish to orange and opaque from external fat deposits. Ovaries were rated as reproductive if they contained oocytes with visible yolk or chorionated eggs, or atrophied if they contained no, or only previtellogenic, oocytes. Weevils were considered to be diapausing only if they possessed both hypertrophied fat bodies and atrophied reproductive organs.
Experiment 2: Subtropical Weevils Reared under Short-Day Conditions. Procedures were as described for experiment 1 except that adult weevils were reared from infested squares held under short-day (11:13 [L:D] h) conditions. The experiment was replicated twice in 1998. Adults eclosed in the Þrst replication between 9 June and 3 July and in the second replication between 28 June and 17 July. Sample sizes of dissections of weevils assigned to the group feeding regime were Ͻ10 for two cartons of females and four cartons of males, but they were Ͼ8 for all but one carton of females (n ϭ 8) and one carton of males (n ϭ 5). Sample sizes were always 10 at each age for weevils assigned to the single feeding regime.
Experiment 3: Southern Temperate Weevils Reared under Long-Day Conditions. Procedures were generally as described for experiment 1 except for the source of weevils, and changes in fat body ratings, the source of feeding squares, and sample sizes. Weevils were reared from infested squares collected from plots at the Southern Plains Agricultural Research Center, College Station, TX. The experiment was replicated three times in 1999, with adult weevils of the Þrst replication eclosing between 18 June and 8 July. Weevils of the second and third replicates eclosed between 18 and 25 July and 6 and 24 August, respectively.
Feeding squares were obtained predominantly from greenhouse-grown plants, although we occasionally supplemented these with Þeld-grown squares. Squares were 6 Ð9 mm in diameter at the widest part of the bud. Cotton plants in the greenhouse were maintained free of blooms and bolls (fruit) by hand picking. When plant size or foliage became excessive, plants were extensively pruned and allowed to regrow. These procedures caused the plants to produce large numbers of squares throughout the duration of the experiment.
Fat bodies were rated according to the recommendations of Spurgeon et al. (2003) . These ratings differed from those in other experiments in that they accounted for the type of adult fat as well as its apparent quantity. Only fat bodies that were predominantly bright white, composed of distinct globules, and present in sufÞcient quantities to substantially obscure reproductive and alimentary tracts were considered as hypertrophied. Conditions of reproductive organs, and classiÞcation of diapause or reproductive status, were determined as described previously.
All weevils within each carton assigned to the group feeding regime were dissected at the assigned age. This resulted in sample sizes of 10 Ð13 weevils for each sex except for a single carton that contained only seven live males on the day of dissection. Ten weevils of each sex assigned to the single feeding regime were dissected at each age for each treatment combination.
Statistical Analyses. Data corresponding to each combination of experiment and weevil sex were analyzed separately. Because the occurrence of a hypertrophied fat body does not preclude a physiological classiÞcation of reproductive (Spurgeon et al. 2003) , we conducted separate analyses using response variables of proportion of weevils with hypertrophied fat bodies, and proportion of weevils classiÞed as diapausing. For females, we also analyzed the proportion of weevils containing oocytes with visible yolk.
The inßuence of experimental treatments on each response variable was analyzed by mixed model analysis of variance (ANOVA) using the SAS procedure PROC MIXED (SAS Institute 2003) . In each case, Þxed effects in the model included feeding regime, temperature regime, photoperiod, weevil age at dissection, and all possible interactions. Experimental replication was considered random. Also, because combinations of temperature regime and photoperiod were nested within individual environmental chambers, the random term replication*temperatureregime*photoperiod was included as an error term for these Þxed effects. Differences among levels of main effects were based on comparisons of corresponding least squares means. In comparisons among weevil ages, type I errors were controlled using the ADJUST ϭ TUKEY option of the LSMEANS statement. When a signiÞcant interaction was detected, the source of the interaction was investigated using the SLICE option of the LSMEANS statement (Littell et al. 1996) , and selected levels of the interaction were compared in contrasts. Degrees of freedom for all tests were adjusted using the DDFM ϭ KR option of the MODEL statement.
Because many of the observed proportions were very small, the data were transformed before analysis using the modiÞed Freeman and Tukey (1950) transformation recommended by Zar (1984) ,
where pЈ is the transformed proportion and X/n is the observed proportion. Least-squares means were back-transformed [proportion ϭ (sin pЈ) 2 ] and converted to percentages for presentation. Also, because standard errors corresponding to arcsinetransformed means cannot be back-transformed to the original metric, we present back-transformed 95% conÞdence intervals (CI) also converted to percentages.
Results

Experiment 1: Subtropical Weevils Reared under
Long-Day Conditions. Female Fat Bodies. The percentage of female weevils with hypertrophied fat bodies did not differ between photoperiods or among levels of any interaction that included photoperiod (Table 1) . Differences were observed between feeding regimes, temperature regimes, and ages at dissection (Table 1) . However, signiÞcant interactions indicated the effects of these factors varied in combination with each other. The feeding-regime* temperature-regime interaction (Table 1) indicated that a higher percentage of females fed in groups acquired hypertrophied fat bodies under warm constant temperatures (63.6%, 55.6 Ð71.2%) than under cool nights (45.8%, 37.8 Ð53.9%; F ϭ 14.60; df ϭ 1, 84.9; P Ͻ 0.01). In contrast, temperature regime did not inßuence the incidence of hypertrophied fat bodies for females fed singly (F ϭ 0.05; df ϭ 1, 84.9; P ϭ 0.83; warm constant temperature, 13.7%, 8.6 Ð19.8%; cool night, 13.0%, 8.1Ð19.0%). The incidence of hypertrophied fat bodies was higher for females fed in groups than for those fed singly regardless of nighttime temperature (P Ͻ 0.01).
Both temperature regime and feeding regime modiÞed the temporal pattern of occurrence of hypertrophied fat bodies (temperature-regime*age, Table 1 , Fig. 1a ; feeding-regime*age, Table 1 , Fig. 1b ). The incidence of hypertrophied fat bodies increased between days 3 and 9 for females held under cool nighttime temperatures (P Ͻ 0.01) and between days 3 and 6 under warm constant temperatures (P Ͻ 0.01). Hypertrophied fat bodies occurred more frequently under warm constant temperatures than under cool nights only at day 6 (day 3, P ϭ 0.13; day 6, P Ͻ 0.01; day 9, P ϭ 0.62; and day 12, P ϭ 0.92). Also, the incidence of hypertrophied fat bodies increased between days 3 and 9 for females fed in groups (P Ͻ 0.01), and between days 3 and 6 for females fed singly (P ϭ 0.02). The percentages of females with hypertrophied fat bodies were higher for females fed in groups than for those fed singly at all times of dissection after day 3 (day 3, P ϭ 0.80; and days 6 Ð12, P Ͻ 0.01).
Oocyte Condition in Females. The percentage of females containing oocytes with visible yolk was inßu-enced by feeding regime, temperature regime, and age at dissection (Table 1) . However, these effects varied among combinations of all three factors (feedingregime*temperature-regime*age, Table 1 ). Photoperiod did not inßuence the occurrence of oocytes with yolk, alone or in combination with any other factor ( Table 1 ). The incidence of oocytes with yolk increased between days 3 and 6 for females held under cool nighttime temperatures irrespective of feeding regime ( Fig. 2 ; group, P ϭ 0.01; and single, P Ͻ 0.01). Under warm constant temperatures, for females fed in groups the incidence of oocytes with yolk was higher at day 6 than at days 3 or 12 (P ϭ 0.02), whereas oocytes with yolk occurred least often at day 3 and most frequently at day 12 for females fed singly (P ϭ 0.01). When females were fed in groups the incidence of oocytes with yolk was higher under warm constant temperatures than for cool nights only at day 6 ( Fig.  2 ; day 3, P ϭ 0.21; day 6, P ϭ 0.01; day 9, P ϭ 0.98; and day 12, P ϭ 0.57). When females were fed singly, yolk was observed more often under warm constant temperatures than cool nights at both three and 12 d after eclosion ( Fig. 2 ; day 3, P Ͻ 0.01; day 6, P ϭ 0.35; day 9, P ϭ 0.16; and day 12, P ϭ 0.02). Under cool night conditions oocytes with yolk occurred more frequently in females fed singly than for those fed in groups at all ages at dissection Ͼ3 d (day 3, P ϭ 0.31; and days 6 Ð12, P Ͻ 0.01). Under warm constant temperatures the incidence of oocytes with yolk was higher for females fed singly than for those fed in groups at all ages of dissection (P Ͻ 0.01).
Diapause in Females. Only the effects of feeding regime, age at dissection, and their interaction (Table  1) inßuenced the diapause classiÞcations of female weevils. SigniÞcant effects were not observed for temperature regime, photoperiod, or interactions containing either of these terms (Table 1) . For weevils fed in groups, the incidence of females classed as diapausing increased with age until day 9 ( Fig. 3 ; P Ͻ 0.01). Similar increases were not observed for weevils fed singly (P ϭ 0.53). The percentage of female weevils classed as diapausing was similar for the two feeding regimes at 3 d after eclosion (P ϭ 0.82), but a higher incidence of this classiÞcation was observed for weevils fed in groups than for those fed singly at later ages ( Fig. 3 ; 6 Ð12 d, P Ͻ 0.01).
Male Fat Bodies. Main effects of feeding regime, temperature regime, and age at dissection ( signiÞcantly inßuenced the occurrence of hypertrophied fat bodies in male weevils. However, as with females, interactions between these terms were also signiÞcant (Table 1) . Neither photoperiod nor interactions between photoperiod and other model terms signiÞcantly inßuenced the occurrence of hypertrophied fat bodies (Table 1) . Slices of the feedingregime*temperature-regime interaction indicated that the incidence of hypertrophied fat bodies was higher for males fed in groups under warm constant temperatures (59.1%, 48.8 Ð 69.1%) than for their contemporaries held under cool nights (38.0%, 28.3Ð 48.3%; F ϭ 17.44; df ϭ 1, 21.3; P Ͻ 0.01). Temperature regime did not signiÞcantly inßuence the occurrence of hypertrophied fat bodies in males fed singly (warm constant temperatures, 15.9%, 9.1Ð24.2%; cool nights, 15.5%, 8.7Ð23.7%; F ϭ 0.01; df ϭ 1, 21.3; P ϭ 0.91). Hypertrophied fat bodies occurred more frequently in males fed as groups than in those fed singly irrespective of temperature regime (P Ͻ 0.01).
The temperature-regime*age and feeding-regime* age interactions (Table 1) indicated the age-related patterns of occurrence of hypertrophied fat bodies varied with temperature regime and diet. Under warm constant temperatures, the incidence of hypertrophied fat bodies was lower at day 3 than at day 6, and lower at day 6 than at day 12 ( Fig. 4a ; P Ͻ 0.01). Under cool night conditions, the incidence of hypertrophied fat bodies increased between days 6 and 9 (P Ͻ 0.01). The percentage of males with hypertrophied fat bodies differed between the two temperature regimes only at day 6 ( Fig. 4a ; day 3, P ϭ 0.38; day 6, P Ͻ 0.01; day 9, P ϭ 0.70; day 12, P ϭ 0.63). Also, the incidence of hypertrophied fat bodies increased with each increment of age for males fed in groups ( Fig. 4b ; P Ͻ 0.01) and between days 3 and 9 for males fed singly (P Ͻ 0.01). Hypertrophied fat bodies occurred more frequently for males fed in groups than for those fed singly at all ages except day 3 (day 3, P ϭ 0.58; and days 6 Ð12, P Ͻ 0.01).
Diapause in Males. The incidence of males classed as diapausing was inßuenced by feeding regime, temperature regime, and age at dissection (Table 1) . However, a signiÞcant three-way interaction indicated their respective effects varied among combinations of these factors (Table 1 ; Fig. 5 ). When weevils were fed in groups, the percentage of weevils classed as diapausing increased between days 6 and 12 under cool night conditions (P Ͻ 0.01) and between days 3 and 9 under warm constant temperatures (P Ͻ 0.01). A higher percentage of males fed in groups was classed as diapausing under warm constant temperatures than for cool nights at days 6 and 9 (day 3, P ϭ 0.99; days 6 Ð9, P Ͻ 0.01; and day 12, P ϭ 0.14).
When males were fed singly, age-related increases in the occurrence of weevils classed as diapausing were smaller than for males fed in groups and occurred only between days 9 and 12 under cool nighttime temperatures ( Fig. 5 ; P ϭ 0.01) and between days 6 and 9 under warm constant temperatures (P Ͻ 0.01). The incidence of weevils classed as diapausing was higher under warm constant temperatures than under cool nights only at day 9 (day 3, P ϭ 0.98; day 6, P ϭ 0.40; day 9, P Ͻ 0.01; and day 12, P ϭ 0.59). Differences between feeding regimes in the percentage of males classed as diapausing were detected at days 9 and 12 under cool night conditions ( Fig. 5 ; day 3, P ϭ 0.99; day 6, P ϭ 1.00; and days 9 Ð12, P Ͻ 0.01) and at days 6 Ð12 under warm constant temperatures (day 3, P ϭ 1.00; and days 6 Ð12, P Ͻ 0.01). Photoperiod did not inßu-ence the occurrence of weevils classed as diapausing by itself or in combination with any other factor (Table 1) .
Experiment 2: Subtropical Weevils Reared under Short-Day Conditions. Female Fat Bodies. The percentage of females exhibiting hypertrophied fat bodies was inßuenced by feeding regime and age at dissection but not by temperature regime or daylength (Table 2 ). However the four-way interaction (Table 2) indicated differences among individual combinations of these factors. For females fed in groups and held under short day conditions, the occurrence of hypertrophied fat bodies increased between days 3 and 9 for both temperature regimes ( Fig. 6a ; P Ͻ 0.01). For their contemporaries held under long day conditions, the incidence of hypertrophied fat bodies either increased between days 3 and 12 under cool night conditions (P Ͻ 0.01) or increased until day 9 and then decreased by day 12 under warm constant temperatures (P Ͻ 0.01).
Age-related trends in the incidence of hypertrophied fat bodies were more erratic and difÞcult to interpret for females fed singly than for those fed in groups (Fig. 6b) . For females fed singly and held under cool nights and short days, there was an increase in the incidence of hypertrophied fat bodies between days 6 and 9 (P Ͻ 0.01). For those held under warm constant temperatures and long days, the incidence of hypertrophied fat bodies was lower at day 3 than at days 6 and 12 (P ϭ 0.03). No age-related differences in the occurrence of hypertrophied fat bodies were detected for females fed singly and held under cool nights and long days (P ϭ 0.06) or held under warm constant temperatures and short days (P ϭ 0.56). Differences associated with photoperiod in the incidence of hypertrophied fat bodies were few and inconsistent. The incidence of hypertrophied fat bodies associated with long days was higher than for short days at day 12 for females fed in groups under cool nighttime temperatures ( Fig. 6a ; P ϭ 0.01) and at day 6 for females fed singly under warm constant temperatures ( Fig. 6b ; P ϭ 0.03). For females fed in groups under warm constant temperatures, the incidence of hypertrophied fat bodies under long days was lower than for short days at day 12 ( Fig. 6a ; P ϭ 0.04). The effects of temperature regime were similarly difÞcult to interpret. Hypertrophied fat bodies occurred more frequently under warm constant temperatures than cool night conditions at day 12 for females fed in groups under short days ( Fig. 6a ; P ϭ 0.01). Similar trends were observed at both days 6 (P Ͻ 0.01) and 9 (P Ͻ 0.01) for females fed in groups under long days (Fig. 6a ) and at day 6 for females fed singly under long days ( Fig. 6b ; P Ͻ 0.01). However, a lower incidence of hypertrophied fat bodies was associated with warm constant temperatures compared with cool nights at day 12 for females fed in groups under long days ( Fig.  6a ; P ϭ 0.04) and at days 9 ( Fig. 6b ; P Ͻ 0.01) and 12 (P ϭ 0.03) for females fed singly under short days.
Differences between feeding regimes were more consistent than those associated with temperature regime or daylength ( Fig. 6a and b) . Within each combination of temperature regime and photoperiod, the incidence of hypertrophied fat bodies was higher for females fed in groups than for those fed singly at all ages at dissection Ͼ3 d (day 3, P ϭ 0.45Ð1.00; and day Ͼ3, P Ͻ 0.01Ð 0.03), except for females held under cool nights and short days at day 12 (P ϭ 0.07).
Oocyte Condition in Females. The occurrence of oocytes with yolk was inßuenced by feeding regime, temperature regime, and age at dissection, but significant interactions (Table 2 ) indicated their effects varied in combination with each other. Photoperiod, either alone or in combination with other factors, did not signiÞcantly inßuence the occurrence of oocytes with yolk (Table 2) . Oocytes containing visible yolk occurred more often in females fed singly under warm constant temperatures (86.9%, 48.9 Ð99.7%) than under cool nights (53.7%, 14.9 Ð90.0%; F ϭ 32.08; df ϭ 1, 9.71; P Ͻ 0.01), but no effect of temperature regime was demonstrated for females fed in groups (warm constant temperatures, 25.9%, 0.1Ð 67.2%; cool nights, 16.9%, 0 Ð56.6%; F ϭ 2.74; df ϭ 1, 9.71; P ϭ 0.13). The incidence of oocytes with yolk was higher for weevils fed singly than for those fed in groups regardless of temperature regime (P Ͻ 0.01).
For females held under cool nights, the occurrence of oocytes with yolk was lower at day 3 than for other ages ( Fig. 7a ; P Ͻ 0.01), but differences among ages were not detected under warm constant temperatures (P ϭ 0.10). Also, oocytes with yolk occurred more frequently under warm constant temperatures than under cool nights at days 3 (P Ͻ 0.01) and 9 (P ϭ 0.04), but not at day 6 (P ϭ 0.15) or 12 (P ϭ 0.33). The incidence of oocytes with yolk was lower at day 3 than for other ages for females fed singly ( Fig. 7b ; P Ͻ 0.01). However, no differences were detected among ages at dissection for females fed in groups (P ϭ 0.07). Finally, the incidence of oocytes with yolk was greater at all ages of dissection for females fed singly than for those fed in groups ( Fig. 7b ; 3 d, P ϭ 0.02; and 6 Ð12 d, P Ͻ 0.01).
Diapause in Females.
The percentage of females exhibiting the characters of diapause was inßuenced by feeding regime, age, and the feeding-regime*age interaction ( Table 2 ). The incidence of weevils classed as diapausing for females fed in groups increased between days 3 and 9 ( Fig. 8a ; P Ͻ 0.01). Although the incidence of females fed singly that were classed as diapausing tended to increase with age at dissection (P ϭ 0.02), such changes were much less than those observed for females fed in groups. The incidence of weevils classed as diapausing was higher for females fed in groups than for those fed singly at all ages Ͼ3 d ( Fig. 8a ; day 3, P ϭ 0.49; and days 6 Ð12, P Ͻ 0.01).
Main effects of temperature regime, photoperiod, and their interaction as well as interactions of either effect with feeding regime (Table 2) did not signiÞ-cantly inßuence the percentage of females classed as diapausing. However, variation was detected in the temporal patterns of physiological classes for combinations of temperature regime and photoperiod (temperature-regime*photoperiod*age, Table 2 ). Although the percentages of weevils classed as diapausing varied among ages at dissection for all combinations of photoperiod and temperature regime, the patterns corresponding to respective treatment combinations differed (Fig. 8b) . For females held under cool nighttime temperatures, the incidence of weevils classed as diapausing increased between days 6 and 9 under short day conditions (P Ͻ 0.01) and between days 6 and 12 under long days (P Ͻ 0.01). For females held under warm constant temperatures, the incidence of weevils classed as diapausing increased between days 6 and 9 under short days (P Ͻ 0.01) and between days 3 and 6 under long days (P Ͻ 0.01). Only a few differences were detected between combinations of temperature regime and photoperiod within individual ages. For females held under long days, the incidence weevils classed as diapausing that was associated with warm constant temperatures was higher than for cool nights at day 6 ( Fig. 8b ; P Ͻ 0.01), but this trend was reversed at day 12 (P ϭ 0.02). Also, the occurrence of weevils classed as diapausing for females held under cool nights was higher under long days than for short days at day 12 (P ϭ 0.03).
Male Fat Bodies. The occurrence of hypertrophied fat bodies in males was inßuenced by feeding regime, age at dissection, and their interaction ( Table 2 ). The incidence of hypertrophied fat bodies increased with age for males assigned to both feeding regimes ( Fig. 9 ; P Ͻ 0.01), but the hypertrophy condition occurred more frequently for males fed in groups than for those fed singly after day 3 (day 3, P ϭ 1.00; day 6, P Ͻ 0.05; and days 9 Ð12, P Ͻ 0.01).
Although the effects of temperature regime and the temperature-regime*age interaction were not significant, the feeding-regime*temperature-regime interaction (Table 2 ) indicated the inßuence of temperature regime varied between feeding regimes. For males fed in groups, hypertrophied fat bodies occurred more often under warm constant temperatures (54.5%, 35.8 Ð72.5%) than under cool nights (30.0%, 14.5Ð 48.3%; F ϭ 11.74; df ϭ 1, 7.56; P Ͻ 0.01). No difference between temperature regimes was detected for males fed singly (warm constant temperatures, 15.8%, 4.8 Ð31.7%; cool nights, 13.6%, 3.5Ð28.7%; F ϭ 0.19; df ϭ 1, 7.56; P ϭ 0.67). Hypertrophied fat bodies occurred more frequently for males fed in groups than for those fed singly regardless of temperature regime (P Ͻ 0.01). Effects of photoperiod on the occurrence of hypertrophied fat bodies, and its interaction with other factors, were not signiÞcant (Table 2) . 
Diapause in Males.
The occurrence of males classiÞed as diapausing was inßuenced by feeding regime, temperature regime, and age at dissection (Table 2) . However, signiÞcant two-way interactions containing these effects (Table 2 ) indicated their respective inßuences varied among levels of the other factors. The incidence of diapause in males was not inßuenced by photoperiod or other effects in combination with photoperiod ( Table 2) .
The incidence of weevils classed as diapausing was higher for males fed in groups under warm constant temperatures (53.2%, 32.9 Ð73.0%) than for corresponding males held under cool nights (20.9%, 7.0 Ð 39.7%; F ϭ 34.86; df ϭ 1, 31; P Ͻ 0.01). However, temperature regime did not signiÞcantly inßuence the incidence of weevils classed as diapausing for males fed singly (warm constant temperatures, 12.1%, 2.2Ð 28.4%; cool nights, 6.5%, 0.3Ð20.1%; F ϭ 2.78; df ϭ 1, 31; P ϭ 0.11). Also, the incidence of weevils classed as diapausing was higher for males fed in groups than for males fed singly under both cool nights and warm constant temperatures (P Ͻ 0.01).
The percentage of males exhibiting diapause characters increased between days 6 and 12 under cool night conditions ( Fig. 10a ; P Ͻ 0.01) and between days 3 and 9 under warm constant temperatures (P Ͻ 0.01).
The incidence of weevils classed as diapausing was similar for both temperature regimes at day 3 (P ϭ 1.00), but at subsequent ages, this classiÞcation occurred more frequently under warm constant temperatures than for cool nights (days 6 Ð9, P Ͻ 0.01; and day 12, P Ͻ 0.05). The occurrence of diapause characters generally increased with age at dissection for males fed in groups ( Fig. 10b ; P Ͻ 0.01), but they increased only between days 9 and 12 for males fed singly (P Ͻ 0.01). The incidence of weevils classed as diapausing was higher for males fed in groups than for those fed singly at all ages after day 3 (day 3, P ϭ 1.00; day 6, P ϭ 0.01; and days 9 Ð12, P Ͻ 0.01).
Experiment 3: Southern Temperate Weevils Reared under Long-Day Conditions. Female Fat Bodies. The presence of hypertrophied fat bodies in females was inßuenced by feeding regime, temperature regime, and age at dissection (Table 3) . However, signiÞcant interactions indicated the temporal patterns of occurrence of hypertrophied fat bodies differed between respective levels of feeding regime (feeding-regime*age) and temperature regime (temperature-regime*age, Table 3 ). Photoperiod, interactions between photoperiod and other effects, and the interaction of feeding regime and temperature regime (Table 3) did not inßuence the incidence of hypertrophied fat bodies.
The incidence of hypertrophied fat bodies in females increased between days 3 and 9 under warm constant temperatures ( Fig. 11a ; P Ͻ 0.01). In comparison, the corresponding increases under cool nights were delayed and occurred between days 6 and 12 (P Ͻ 0.01). The incidence of hypertrophied fat bodies in females was similar under warm constant temperatures and cool night conditions at days 3 ( Fig.  11a ; P ϭ 0.96) and 12 (P ϭ 0.28), but it was higher under warm constant temperatures than cool nights at days 6 (P Ͻ 0.01) and 9 (P ϭ 0.01). The incidence of hypertrophied fat bodies also increased between days 3 and 9 for females fed in groups ( Fig. 11b ; P Ͻ 0.01), whereas hypertrophy was observed more frequently at days 9 and 12 than at day 3 for females fed singly (P ϭ 0.02). The incidence of hypertrophied fat bodies was higher for females fed in groups than for those fed singly at all ages Ͼ3 d (day 3, P ϭ 0.89; and days 6 Ð12, P Ͻ 0.01).
Oocyte Condition in Females. Feeding regime, temperature regime, and age at dissection (Table 3) all inßuenced the occurrence of oocytes with yolk, but signiÞcant interactions (feeding-regime*age, temperature-regime*age, Table 3 ) indicated the temporal patterns of yolk occurrence varied between respective levels of feeding regime and temperature regime. No effects of photoperiod, interactions between photoperiod and other factors, or the interaction between feeding regime and temperature regime were demonstrated (Table 3) .
The frequency of occurrence of oocytes with yolk increased between days 3 and 6 under warm constant temperatures ( Fig. 12a ; P Ͻ 0.01) and between days 3 and 9 under cool nights (P Ͻ 0.01). Oocytes with yolk occurred more frequently under warm constant tem- peratures than cool nights only at days 3 and 6 after dissection (day 3, P Ͻ 0.01; day 6, P ϭ 0.03; day 9, P ϭ 0.71; and day 12, P ϭ 0.53). For females fed in groups, the incidence of oocytes with yolk increased between days 3 and 6 ( Fig. 12b ; P Ͻ 0.01). For females fed singly, the incidence of oocytes with yolk was lowest at day 3 and highest at day 9 (P Ͻ 0.01). Oocytes with yolk occurred more frequently for females fed singly than for those fed in groups at all ages at dissection (days 3Ð12, P Ͻ 0.01).
Diapause in Females. Analysis of the occurrence diapause characters in females indicated signiÞcant main effects of feeding regime and age at dissection, and signiÞcant interactions between feeding regime and age and temperature regime and age (Table 3) . Effects of photoperiod, interactions between photoperiod and other main effects, and the feedingregime*temperature-regime interaction were not signiÞcant (Table 3) .
The incidence of females classed as diapausing increased between days 3 and 6 under warm constant temperatures ( Fig. 13a ; P Ͻ 0.01), but corresponding increases were shifted to older ages (between days 6 and 12) for females held under cool nights (P Ͻ 0.01). Females were classed as diapausing more frequently under warm constant temperatures than under cool nights only at 6 d after dissection (3 d, P ϭ 0.96; day 6, P Ͻ 0.01; day 9, P ϭ 0.29; and day 12, P ϭ 0.48). The incidence of weevils classed as diapausing also increased between days 3 and 9 for females fed in groups ( Fig. 13b ; P Ͻ 0.01), but a signiÞcant effect of age was not detected for females fed singly (P ϭ 0.10). Weevils classed as diapausing were observed more frequently in females fed in groups than for females fed singly at all ages Ͼ3 d (day 3, P ϭ 0.90; and days 6 Ð12, P Ͻ 0.01).
Male Fat Bodies. The incidence of hypertrophied fat bodies in males was inßuenced by main effects of feeding regime and age at dissection and by interactions between age and feeding regime and age and temperature regime (Table 3) . Temperature regime alone or in combination with feeding regime, or photoperiod or its interactions with other main effects, was not shown to inßuence the occurrence of hypertrophied fat bodies (Table 3) .
Under warm constant temperatures, the incidence of hypertrophied fat bodies in males generally increased with age at dissection ( Fig. 14a ; P Ͻ 0.01), whereas increases under cool nights were delayed until after day 6 (P Ͻ 0.01). Hypertrophied fat bodies occurred more often under warm constant temperatures than cool nights only at 6 d after dissection (day 3, P ϭ 0.80; day 6, P Ͻ 0.01; day 9, P ϭ 0.89; and day 12, P Ͼ 0.05). The incidence of hypertrophied fat bodies also increased with age for males fed in groups ( Fig. 14b ; P Ͻ 0.01), but corresponding increases occurred only between days 6 and 9 for males fed singly (P Ͻ 0.01). Hypertrophied fat bodies were more often observed in males fed in groups than in those fed singly at ages Ͼ6 d (day 3, P ϭ 0.72; day 6, P ϭ 0.11; and days 9 Ð12, P Ͻ 0.01).
Diapause in Males. The incidence of males classed as diapausing was inßuenced by feeding regime, temperature regime, and age at dissection (Table 3) . However, a signiÞcant three-way interaction among these terms indicated their respective effects varied among levels of the other factors (Table 3) . SigniÞcant effects of photoperiod, or its interaction with other main effects, were not observed (Table 3) .
When males were fed in groups, the percentage of weevils classed as diapausing increased between days 6 and 12 under cool night conditions ( Fig. 15 ; P Ͻ 0.01) and between days 3 and 9 under warm constant temperatures (P Ͻ 0.01). A higher percentage of males fed in groups was classed as diapausing under warm constant temperatures than for cool nights at days 6 ( Fig.  15 ; P ϭ 0.02) and 9 (P Ͻ 0.01), whereas no differences were observed at day 3 (P ϭ 0.97) or 12 (P ϭ 0.82). When males were fed singly, corresponding age-related increases in the incidence of weevils classed as diapausing were smaller than for males fed in groups and occurred only at day 12 under warm constant temperatures ( Fig. 15 ; P Ͻ 0.01). Differences in the occurrence of weevils classed as diapausing among ages at dissection were not observed for males fed singly under cool nights (P ϭ 0.76). The incidence of weevils classed as diapausing for males fed singly was higher under warm constant temperatures than under cool nights only at day 12 (P ϭ 0.01). The incidence of weevils classed as diapausing was higher for males fed in groups than for those fed singly at days 9 and 12 (P Ͻ 0.01) under cool night conditions and at days 6 Ð12 under warm constant temperatures (day 6, P ϭ 0.02; and days 9 Ð12, P Ͻ 0.01).
Discussion
Perhaps the most striking aspect of our results was the conspicuous absence of clear-cut photoperiodic effects on diapause induction. SigniÞcant effects of photoperiod, or its interactions with other factors, on any response that we monitored were not observed for females in the Þrst and third experiments or for males in any of the experiments. For females in the second experiment, analyses of occurrence of hypertrophied fat bodies or diapause indicated signiÞcant interactions of photoperiod with other factors, but the results did not reveal clear and interpretable trends (Figs. 6a and b, and 8). For example, when females were fed in groups under cool nighttime temperatures, the incidence of hypertrophied fat bodies at day 12 was higher for long than for short days. Under warm constant temperatures, this trend was reversed. For either feeding regime, under long days the incidence of weevils classed as diapausing was higher for warm constant temperatures than under cool nights at day 6, but the opposite was observed at day 12. Also, for females held under cool nighttime temperatures the incidence of diapause at day 12 was higher under long days than for short days, but these differences were not consistent with trends observed for earlier ages. The effects of interactions containing photoperiod observed for females in the second experiment probably resulted from sampling error because the experiment was only replicated twice. It is also notable that with the exception of these interactions, results from the three experiments were remarkably similar. This observation suggests that the diapause response of weevils reared under a short photoperiod was not fundamentally different from that of weevils reared under long days.
Observed effects of temperature regime were generally subtle. Where effects were observed, cool nighttime temperatures usually delayed the development of the monitored response by Ϸ3 d. Also, the inßuence of temperature regime was typically greater for weevils fed in groups than for those fed singly. Although the physiological effects of temperature should be identical within both feeding regimes, such effects were less often demonstrated for weevils fed singly. This interaction was apparent because age-related changes in the incidences of hypertrophied fat bodies or diapause were small for weevils fed singly. Regardless, temperature-induced differences in the responses we monitored were no longer apparent by the Þnal dissection (day 12). Although delays in development associated with cool night temperatures were too small to inßuence our conclusions, such effects may have played a more substantial role in previous experiments that used lower temperatures in combination with earlier ages at dissection (Mangum et al. 1968, 21:16.5ЊC, day:night, dissections at 10 d) or a wide range of ages at dissection (Wagner and Villavaso 1999a , dissections at 4 Ð 43 d).
The factor most consistently inßuencing the characters we monitored was feeding regime. Lloyd et al. (1967) reported an instance in which diapause was apparently induced by a reduction in the quantity of food available to adults. Keeley et al. (1977) also suggested that diapause in the boll weevil might best be viewed as a response to insufÞcient food supply. Responses we observed did not likely result from differences in nutrition, because the diets we provided were of identical composition. Furthermore, food replacement intervals for weevils fed in groups were frequent enough to ensure that weevils consumed only a portion of available food. However, the exact factors responsible for the observed effects cannot be determined because the presentation of squares in respective feeding regimes differed in several respects. First, the boll weevil adult is highly thigmotactic, preferring to reside within the bracteoles of squares, and removal of those structures may have elicited a behavioral response that inßuenced the perception of host quality. Also, the weevils fed in groups tended to feed gregariously, meaning that much of the time spent feeding was on food items previously fed upon and in the presence of other weevils. It is unclear which of these factors may have prompted the observed responses, but extensive puncturing of squares is a phenomenon that is common in late-season cotton Þelds when square availability becomes limiting. Regardless, in virtually every instance the diet typical of previous diapause studies (weevils fed in groups) resulted in higher frequencies of hypertrophied fat bodies and diapause, and lower frequencies of oocytes with yolk, than the reproduction-promoting diet of Spurgeon and Raulston (1998a) . This observation seems to support previous contentions that the occurrence of diapause in Þeld populations is strongly inßuenced by cotton crop maturity, most notably the availability of squares (Brazzel and Hightower 1960 , Beckham 1962 , Lloyd et al. 1964 , Carter and Phillips 1973 . Our results regarding the effects of feeding regime cannot be directly compared with those of previous studies because no previous study included a feeding treatment of weevils fed singly. Although Wagner and Villavaso (1999a) indicate they provided some weevils a feeding treatment close to ours (one square per mixed sex pair of weevils per day), they either do not report or do not identify the sample sizes and results associated with those weevils.
Differences among experiments in the criteria we used to identify hypertrophied fat bodies did not strongly inßuence our results. Incidences of hypertrophied fat bodies observed in the third experiment (in which adult fat body types were distinguished) seemed slightly lower than those observed in the Þrst two experiments. However, such subtle differences may have resulted from a higher degree of control over square quality permitted by the use of greenhouse-grown plants in the third experiment. If differences among the experiments occurred in response to different fat body criteria, their effects should have been limited to overestimates of the occurrence of hypertrophied fat bodies in the Þrst two experiments. Such differences would not have inßuenced estimates of diapause, which also depended on the condition of reproductive organs. Regardless, we are most conÞ-dent in the criteria used to identify fat body hypertrophy in the third study because Lewis et al. (2002) found a consistent association between such fat bodies and the presence of a unique storage protein. Spurgeon et al. (2003) suggested that some inconsistencies among previous reports may be attributed to differences in the criteria used to distinguish diapause. Although such differences among our experiments were not observed, the suggestion may still be valid. Most previous investigators used an additional category of intermediate diapause (hypertrophied fat bodies but gonads not typical of diapause), which was combined with the category of Þrm diapause in reported results (McCoy et al. 1968 , Tingle and Lloyd 1969 , Tingle et al. 1971 . If hypertrophy in those studies was assessed on the basis of concealment of other internal organs as we describe, our estimates of incidence of hypertrophied fat bodies should roughly correspond to estimates of diapause in those previous studies. However, in some previous studies weevils classed as diapausing were described only as having some visible fat (Mitchell and Mistric 1965 , Tingle and Lloyd 1969 , Sivasupramaniam et al. 1995 . Other investigators rated fat bodies on a numerical scale without useful descriptions of the ratings (Wagner and Villavaso 1999a,b) , or used an additional classiÞcation in which weevils were excluded from analysis because diapause status could not be determined (Lambremont et al. 1964; Wagner and Villavaso 1999a,b) . Meaningful comparisons of our results to results of these latter studies cannot be made.
Finally, several reports suggest the northward expansion of the range of the boll weevil has resulted in geographical variation in responses to diapause-inducing cues (Earle and Newsom 1964 , Sterling and Adkisson 1966 , Phillips 1976 ). Although we examined weevils from only two distinct geographical regions separated by nearly 4.5Њ latitude, our results do not suggest fundamental differences in the diapause response between these populations. In particular, responses to feeding regimes were markedly similar.
It is possible that our observed lack of photoperiodic response was caused by the limited range of photoperiods we examined. In this respect, it is useful to recognize that the boll weevil is a tropical species that has relatively recently invaded the southern temperate zone. Because its distribution is limited to those areas suitable for the production of cotton, the photoperiods it will experience in nature are correspondingly limited. For example, the earliest normal date of cotton planting at Weslaco is Ϸ15 February (11:18-h daylength), and the longest daylength of the year at that location is 13:47 h. Therefore, the maximum change in daylength the boll weevil may experience in the presence of the normal cotton crop is Ϸ2:30 h. The normal production schedule at College Station is de-layed by Ϸ30 d compared with the production season at Weslaco. The daylength at College Station on 15 March is Ϸ11:59 h, and the maximum daylength at that location is 14:08 h. Normal harvest activities at that location usually conclude before 1 October (11:52-h daylength; 2:16 h shorter than the maximum daylength), although the date of mandatory stalk destruction is not until 30 November (daylength 10:20 h). However, environmental conditions in late October and November are not normally conducive for extensive development of cotton regrowth and the plants are often killed by frost before the stalk destruction deadline. Therefore, although the photoperiods we used were of limited range relative to those commonly used in studies of other insects, they were both consistent with those used in other studies of the boll weevil, and they represented a range that was ecologically relevant.
In conclusion, our results do not prove that photoperiod and temperature are completely unimportant in determining diapause. However, they do demonstrate an overwhelming role of adult diet. Therefore, a more complete understanding of the reproductive diapause of the boll weevil will likely require additional investigation of dietary factors.
